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Supplementary Text

Itokawa
Itokawa is a rubble-pile asteroid with a size of 535 × 294 × 209 m 3 . It follows an orbital path from 0.953 astronomical units (AU) inside the Earth's orbit to 1.695 A.U. outside of the orbit of Mars (46) . The original parent body of Itokawa is suggested to be larger than 20 km (12, 23) . The parent body experienced a period of thermal metamorphism in its evolutionary history, when it was heated to peak temperatures ranging from 600 to 800 ºC (12). In addition, the parent body went through multiple impact events and was disrupted into boulders by the last catastrophic impact (12) . A portion of the disaggregated fragments re-accumulated to form the observed Itokawa body. Evidence of space weathering processes, i.e., solar wind implantation, galacticcosmic-rays irradiation and impact bombardment by micrometeorites exist in minerals in Itokawa regolith (e.g., 17, 47) . The Hayabusa I spacecraft performed two touchdowns in the MUSES sea area and successfully collected more than 1500 particles during the second touchdown (12).
Data calibration
Background hydrogen for NanoSIMS measurements
Apart from the intrinsic hydrogen in the sample, the background is a complicated combination of detector dark noise, contribution from the E-gun, the hydrogen that degassed from embedding material and creeps into the analysis area. We discuss each of these in detail below, and conclude that none of these factors have affected our measurements:
1. Detector dark noise. In principle, every detector has a detector dark noise due to random electrons or contamination in the system. However, in the case of the electron multipliers on the NanoSIMS, we have a discriminator level that is set such that when the primary ion beam and electron gun are off, the electron multipliers are measuring 0 counts/second. In addition, the vacuum conditions in the multicollection was constant (1-2 × 10 -8 Torr) for the entire session of our analysis and should minimally affect our measurements.
2. Contribution from the E-gun. In our setup, the hydrogen contribution due to E-gun bombardment is the biggest contributor of the background signal. The electron gun spot size can be typically larger than the analyses area and can contribute to the background signal. We kept our E-gun on during the entire session and ensured that the spot sizes were small (using the smallest D1 aperture, 50 µm available on our instrument).
To correct this part of background, we monitored the intensities of hydrogen and deuterium counts under the 'beam-off' mode (when electron beam was on and Cs + beam was off) for 20 cycles prior to and after the measurements ('beam-on' mode). The count rates of hydrogen and deuterium are 4000-30000 counts/cycle and 4-50 counts/cycle, respectively in the beam off mode. Using these count rates and the total cycles for each measurement (240-480 cycles), we calculated the total hydrogen and deuterium counts produced by the E-gun only. Then, we subtracted these numbers from total counts of hydrogen and deuterium obtained in "beam-on" mode, which were then used to calculate the isotopic ratios (D   -/H  -and H   -/  18 O   -) and estimate water contents.
3. Embedding material that can degas in the vacuum or creep of hydrogen into analysis area from embedding material. As stated in our methods part, we have carefully prepared and stored our samples in ultra-high vacuum chambers for 10 days. This reduces the degree of degassing of the embedding material. Our Ti sublimation ion pump was also used for reducing the hydrogen in the vacuum, and keep the pressure at (2-3) × 10 -10 Torr ( fig. S3 ). We calculated the hydrogen contribution at such low pressures and chose our analysis conditions (dwell time/pixel, use of electronic gating, number of pixels) based on the following information: Adsorption of hydrogen on the analysis surface can be approximately estimated by the calculating the adsorption time (t) using the following equation (48) t =D √(2πMRT) / (N A P)
where N A is the Avogadro constant, P is pressure in Pa, D is the atomic numbers per unit area (~10 19 /m 2 ), M is the molecular weight in kg/mole, R is the gas constant, and T is the temperature in Kelvin.
The adsorption time on a clean surface at a pressure of 10 -10 Torr was calculated for our measurements. Assuming a sticking coefficient of 0.1 for H 2 or H 2 O, it would take ~40 mins to form a H 2 molecular layer and 6 hours to form a H 2 O molecular layer. During our NanoSIMS measurements, we employed electronic gating to measure 64 × 64 pixels, with a dwell time of 1 ms/pixel. Thus, each cycle (1 scan of the rastered area) took ~4 seconds. In such short time with the continuously bombardment of high-energy Cs primary beam, the effect of adsorption would be insignificant.
Calibration of water content
The water contents of two Itokawa LPx grains and LAR 12036 pyroxenes were estimated by using a H For the NanoSIMS measurements, the clinopyroxene standard (SJ-J1) was used to monitor the detection limit (~0.0062 wt.% water) in the low H 2 O content regime. For the IMS 6f measurements, San Carlos olivine was used as blank to monitor the background, which indicate a background of H 2 O = ~0.0050 wt.%. We did not correct the measured water contents in Itokawa pyroxenes and the LAR 12036 pyroxenes using the blank, because the 2σ uncertainties on the reported contents are larger than the blank signals. Note that if we used these blanks to correct for the data, the new numbers for Itokawa and LAR 12036 pyroxenes would be 620-910 ppm and 515-1253 ppm, respectively; the Bulk Silicate Itokawa water content would be 150-500 ppm.
Normalization of D/H ratios
The instrumental mass fractionation factor (IMF) of two sessions of measurements was calculated separately based on the average D/H ratios of standards in each session IMF = R M / R T where R M is the measured D/H ratio and R T is the true D/H value of the standards. For the terrestrial samples, we used the R T value of 1.5576 × 10 -4 (Standard Mean Ocean Water, SMOW). The calculated average IMFs for NanoSIMS measurements is 0.934 ± 0.058 (n = 22, 2σ) and for IMS 6f measurements is 0.881 ± 0.010 (n = 7, 2σ Terrestrial mantle samples typically have lower δD than SMOW (~150 ‰). If we assume our standards have a δD SMOW = -150 ‰, the IMF values would be 1.237 ± 0.077 (2σ) for NanoSIMS measurements and 1.030 ± 0.018 (2σ) for IMS 6f measurements. The corrected δD SMOW would be -218 ± 59 ‰ (2σ) for RA-QD02-0057 and -196 ± 58 ‰ (2σ) for RA-QD02-0061. The LAR 12036 pyroxene grains would have a δD SMOW range from -355 ‰ to -140 ‰.
Uncertainty calculations
The 2σ standard deviation on the D/H and H/O ratios was calculated by propagating the errors in the counting statistics weighted by their respective contributions to the total ion signal. Uncertainty on the δD SMOW as 2σ standard deviation was obtained by propagating uncertainties on the D/H ratios in normalization against SMOW and the uncertainties on the IMF. The uncertainties on the water contents for Itokawa grains and LAR 12036 pyroxenes were obtained by propagating the uncertainties on the measured H -/O -and slopes of calibration trendlines. The uncertainties of median values (standard error of the median, SM) were obtained by the equation
where SD denotes the 1σ standard deviation of measured results and N denotes the number of samples.
Detailed explanations for corrections to water contents and D/H ratios
The possible mechanisms that could have modified the water contents and D/H ratios in Itokawa particles are: (1) terrestrial contamination, (2) solar wind implantation, (3) galactic cosmic ray spallation, (4) dehydration during thermal metamorphism, and (5) dehydration during impacts.
Terrestrial contamination
The allocated Itokawa particles were delivered in sealed envelopes (with purged nitrogen), and were kept in purged nitrogen desiccators, till we were ready to mount them. As described earlier, we followed strict protocols during storage and preparation of the standards, and during NanoSIMS measurements. We, therefore, consider the contribution of the terrestrial contamination to be negligible.
Solar wind implantation
The solar wind is the major source of hydrogen ions to planetary surface. Whether the solar wind implantation enhanced the measured water in this study needs to be considered. Solar wind protons are characterized by low energy (~1 keV) and are generally implanted in the top ~100-150 nm from the grain surface (e.g. 17). However, the Itokawa grains in our study were polished by the JAXA curatorial personnel, which has removed rims produced by solar wind protons. Thus, the corrections for solar wind implanted hydrogen are not required.
Galactic cosmic ray spallation
Galactic cosmic rays (GCRs) could potentially implant hydrogen and deuterium, which would enhance the hydrogen contents in the regolith grains. The water contents produced by this process depend on two important factors, namely, the exposure time and the production rates. Neon isotopic study on Itokawa olivine grains indicated that the Itokawa body has an exposure age up to 8 Ma (20). We employed this exposure age to calculated the water contents that can be produced by GCR spallation. The production rates for deuterium and hydrogen that we used are 2.2 × 10 -12 mol D/(g·Ma) (18) and 4.0 × 10 -12 mol H/(g·Ma) (19), respectively. The produced amounts of deuterium and hydrogen by the spallation process were then substracted from those measured to get the corrected water contents and D/H ratios. Cosmogenic hydrogen produces a total water of < 1 ppm, which is well below our analytical error. In addition, the change D/H ratios affected by the spallation process were ~1 ‰.
Note that the production rates of deuterium and hydrogen have high uncertainties. Additionally, the production rate of deuterium that we used in this study is more than twice the production rate reported by Merlivat et al. (19) . Nevertheless, with the short exposure time (8 Ma), the spallation-produced deuterium calculated with two different production rates are almost identical.
Dehydration during thermal metamorphism
To evaluate the dehydration process of the Itokawa parent body caused by high temperature metamorphism, we used the diffusion equation below for a sphere (22) that is orthopyroxene in composition
where the critical input parameters are: (1) C t, the current concentration of water in the sphere, for which we used the measured water contents of Itokawa grains; (2) C 0 , the initial concentration of water in the sphere, which is what we want to estimate; (3) C 1 , concentration of an infinite and well-mixed outside reservoir; (4) t, the duration of the diffusion process dictated by the duration of thermal metamorphism experienced by Itokawa parent body; (5) d, the radius of the sphere, in our case, we assume the parent body of Itokawa was originally 25 km in radius.
We also used parameter d to indicate the distance from the location of the grains in the Itokawa asteroid to the top surface of the parent body; and (6) D eff , the effective diffusivity of hydrogen in a porous sphere (opposed to a compacted solid sphere).
To calculate the effective diffusivity, we need to consider the pore connectivity and effective path length of the diffusing species inside the sample. Because the pores are heterogeneously distributed, the diffusion through the fluid filled pores of porous material effectively takes place over a longer distance than it would in a homogeneous material (49). Accordingly, the effective diffusivity would be a function of diffusivity of hydrogen D v , porosity φ, and tortuosity τ, which is given by
According to the study of Jourdan et al. (24), the porosity of the parent body was suggested to be at least 0.2-0.3. In the study by Abassi et al. (50), the tortuosity of the studied 4 ordinary chondrites, namely LL6 Benguerir, H5 Istifane 2, L5 Istifane 3, and H5 Tamdakht ordinary chondrites, ranges from 1.2 to 1.7. We used the average values of φ = 0.25 and τ = 1.5 for the simulations. D v is obtained by the Arrhenius equation
where the D 0 = 0.018 m 2 /s for natural orthopyroxene and ΔH is given as -ΔH = -213 ± 47 kJ/mol (51). R is the gas constant (8.314 J/(mol·K)) and T (K) is the temperature at which diffusion took place. The calculation of water loss was interchanged based on the diffused hydrogen atoms.
We used a simplified approach to determine the input parameters. We assumed C 1 , concentration of the outside reservoir to be 0. According to a previous study (12), the parent body of Itokawa went through the thermal metamorphism event at the temperatures ranging from 600 ºC to 800 ºC. We thus ran our simulations at both temperatures. We used two concentrations of water, i.e., 1050 ppm and 750 ppm, as the initial concentrations (C 0 ) of RA-QD02-0057 (C t = 970 ± 93 ppm) and RA-QD02-0061 (C t = 680 ± 65 ppm), which are around 10 % higher than the measured values. The duration of the thermal metamorphism is unknown; we run our model with a duration of 10 Ma. The reason that we choose 10 Ma is that, for the small bodies, the main heat source is the decay of short-lived isotopes, such as 26 Al and 53 Mn. This heating process could not have lasted for a long time, because the heating, melting and differentiation of small bodies took place in the first 10 Ma of solar system (25). In addition, ref. 52 showed that within the first 10 Ma after CAI formation, most classes of meteorites would have cooled down below 600 ºC. The last input parameter is the distance from where the measured grain was located to the top surface of the parent body. Theoretically, the larger the distance to the surface, the less water would be diffused out of the parent body. We ran our model with different d values of 100 m, 1 km, and 10 km. The results are listed in table S3. See the main text for a discussion of those numbers.
Dehydration during impacts
It has been proposed that the parent body of Itokawa was shocked by several impact events at different energy scales before the disruption (12). The impact events would have led to the high post-shock temperature of the parent body, which could result in dehydration. As mentioned in the main text, one previous study has suggested a post-shock temperature as high as ~900 ºC (24). Fine-grained igneous texture was observed in the L4 ordinary chondrite NWA 7251, which was suggested to have been produced by an impact event with a pressure of > 30-35 GPa and a temperature of > 1300-1500 ºC (27). However, with this high temperature, the minerals would have melted and recrystallize to form new mineral phases, which is not consistent with our observations of the Itokawa particles. Thus, the highest post-shock temperature should be lower than the crystallization temperature of pyroxene (~1200 ºC). The study on ordinary chondrites has suggested an annealing rate of 200-600 ºC/ky (31). Accordingly, we ran the diffusion model at 800 ºC, 1000 ºC, and 1200 ºC. The results are listed in table S3.
Impact events can drastically increase the temperature of a body. However, after the impact event, it would anneal at a rapid rate, if no other heat sources are assumed to operate. In this case, the Itokawa parent body would be cooling to a temperature lower than 600 ºC within 1 ky (based on ref. 31), which means our simulated results of water loss can be an upper-limit of the water loss due to the impact events.
Calculation of average water loss
As shown in Fig. 1 and 2 , the amount of lost water due to thermal events is varied with depth in the asteroid. Since we have no information of the depth of two measured Itokawa minerals, we built the onion-shell model ( fig. S6) . We divided the parent body of Itokawa into 250 layers. In each layer, we calculated the probability for the grains to occur and the corresponding water loss based on our thermal diffusion model. Then we calculated the average amount of water loss (expectation value) based on equation (1) in the main text. The onion-shell model used to calculate the expected water loss is illustrated in fig. S6 . The expected total amount of water lost caused during thermal metamorphism and impact events of the 25 km-in-radius sphere is summarized in table S4.
Comparison of D/H ratios between Itokawa and ordinary chondrites
The D/H ratios of several objects from solar system bodies from published literature, normalized to SMOW, are plotted in Fig. 3 and 4 . In particular, we compare the measured D/H ratios in Itokawa LPx grains to the pyroxene, olivine from LL3.1 Bishunpur (34), LAR 12036 (this study) and matrices from several ordinary chondrites (Bishunpur, Chainpur, Krymka, Semarkona, Tieschitz, ALH83010, LEW86018, QUE93030, WSG 95300, GRO95502, GRO95504, GRO95505, MET9650, MET9651, QUE97008, MET00452, MET00526, MET0048, and MET0050) (33, (53) (54) , as shown in Fig. 4 . The δD SMOW values of nominally anhydrous minerals (NAMs) have a variation from -250 ‰ to +150 ‰, whereas the matrices exhibit much wider variation with a cluster of δD SMOW values between 900-2100 ‰. The high D/H ratio of the matrix could be a result of (1) the reduction of water induced by metal oxidation during aqueous alteration or metamorphism (33, 53); (2) the deuterium enriched ice precursors (54); and (3) ionizing irradiation that efficiently modified the D/H signature (55). The proportion of matrix to NAMs is an important aspect for understanding the bulk compositions of asteroids. The volume proportion of matrix in ordinary chondrites is generally low (10-15 vol. %) and decreases with the increase of petrologic types (56). It has been suggested that insoluble organic matter (IOM) in the matrix is absent in meteorites with petrologic types > 3.6 (33). Since Itokawa is compatible with an LL4-6 chondrite classification, the proportion of the matrix containing deuterium-rich IOM is expected to be extremely scarce or most likely absent. Therefore, we can use the D/H ratios of NAMs as a proxy for the bulk isotope composition of S-type asteroids that may have accreted to form Earth.
The recently reported δD SMOW values of NAMs from LL3.1 Bishunpur ordinary chondrite exhibit a significantly smaller variation (-166 -+52 ‰, 34) than those reported in Deloule et al. (57), whereas the δD SMOW of pyroxenes and olivines from Bishunpur and Semarkona ordinary chondrites have wider ranges: -522 -+2090 ‰ for pyroxene and -593 -+348 ‰ for olivine. We have chosen to not include the Deloule et al. (57) data for our discussion in the paper because we think that their use of an IMS 3f with worse vacuum conditions could have produced erroneous results. Accordingly, we have used only the more recent data (34) from the same research group in Fig. 3 and 4. 
Comparison of water concentrations between Itokawa and other S-type asteroids
In one previous study (37), reflectance spectra (2.0-4.1 μm) of two S-type asteroids, 433 Eros and 1036 Ganymed were measured by the Infrared Telescope Facility. Hydroxyl is detected on both of these bodies in the form of absorption features near 3 μm. However, the measurement techniques used for remote observations are most sensitive to the topmost portion (<<1mm for Infrared spectroscopy and few meters for neutron spectroscopy) of the regolith. In addition, the water contents in Eros and Ganymed were estimated by using the reflectance spectra of Vesta and Moon as analogs (37), which can significantly bias the measurements because of differences in particle size, regolith composition, and duration of space weathering. On the basis of these considerations, we conclude that the water contents derived for the airless bodies Eros and Ganymed do not reveal the bulk water content of these objects.
Estimating the proportions of chondritic sources to Earth's water
It is debated that C-type asteroids from the outer solar system may have provided water to Earth on the basis of indistinguishable hydrogen isotopic compositions compared to Earth (e.g., 6, 58) . Our study shows that hydrogen isotopic composition of NAMs in S-type asteroid Itokawa and Earth is identical within measurement uncertainties. Therefore, S-type asteroids could have delivered water during the early accretion of Earth.
We attempted to calculate the contributions from different chondrite classes to estimate the mass of ordinary chondrites that provided water to Earth following the models in ref. 59 . However, we encountered two challenges. The primary one is that adequate data are unavailable to do the estimates. The relationship between bulk rock data, IOM and NAMs is complex and heterogeneous in meteorites belonging to the same class. Therefore, we aimed to compare data only for NAMs in the different chondritic classes. To date, there is no measurement of NAMs from enstatite chondrites. There is also a dearth of measurements of NAMs from several classes of carbonaceous chondrites, e.g., CI, CV, and CO. Thus, there is a need to generate comparable data to do such estimates. The second challenge is the large uncertainties on the core-mantle fractionation and the magmatic processes that took place within Earth (after it formed), which could have led to complicated fractionation of the isotopes and trace elements. This discussion is beyond the scope of this paper. Thus, we did a simplistic estimate based on ref. 41 , where an assortment of chondritic materials accreted to form Earth. Ref. 41 used high-precision isotopic data (lithophile elements O, Ca, Ti, and Nd; moderately siderophile elements Cr, Ni, and Mo; and highly siderophile element Ru) and analytically calculated the probability distribution function for the delivery of elements to Earth's mantle with a model, where accretion occurred in 3 stages. During Stage I, 60 wt. % of the Earth accreted with reduced materials, while stage II comprises of 30-39.5 wt. % of the Earth's accretion. Stage (III) corresponds to the late veneer and comprises the last 0.5 wt. % or so of the Earth's accretion. Different isotopes provided constraints during different stages of growth, e.g., the nature of the late veneer (Stage III) is primarily constrained from Ru. We chose this model because ref. 41 used several isotopic constraints, and placed limitations on each growth phase using geochemical tracers. The proportions of enstatite, ordinary, and carbonaceous chondrites were adjusted to simultaneously match the isotopic compositions of the Earth's mantle. In stage I, 40 wt. % of the accreting materials (60 wt. % of Earth's mass) was proposed to be ordinary chondrites (41). We use this proportion and our estimate of water content in Itokawa to calculate that Earth received about 0.5 times mass of Earth's oceans (1 Earth's Oceans = 1.4 × 10 21 kg) from S-type asteroids like Itokawa. If 100 wt.% mass of Earth was contributed by Itokawa-like asteroids, water delivered would be twice the mass of Earth's oceans. Figs. 3, 4, and 5 4.1 δD SMOW for carbonaceous chondrites: The δD SMOW data for bulk analysis of different groups of carbonaceous chondrites CI, CM, CO, CR, and CV were obtained and calculated based on the reported D/H ratios from references 58, 60 and 61.
Supporting data used for
δD SMOW data for ordinary chondrites:
The δD SMOW data for bulk ordinary chondrite, olivine, pyroxene and matrices from ordinary chondrites were obtained from references 33, 34, 53 and 54.
δD SMOW for comets:
The δD SMOW data for comets were calculated from spectral observations. The sources are 62-70 for Oort cloud comets and Jupiter family comets. In order to calculated the average water loss (expectation) we divided the parent body into 250 layers, each of them is 100 m thick. Then we simulated the water loss of the pyroxene grain and calculated the probability of when it occurred in different layers. Based on equation (1) in the main text, we calculated the expected water loss at a certain temperature. Table S3 . Simulated water loss caused by thermal metamorphism and impact events using the thermal diffusion model. 
Mechanisms
